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Abstract. We report on the scaling analysis of low temperature electron transport prop-
erties of nominally uncompensated neutron-transmutation-doped Ge:Ga samples in the
critical regime for the metal-insulator transition. Ga concentration (V) and temperature
(T') dependent conductivities o(NV,T) are shown to collapse onto a single universal curve
using finite temperature scaling of a form (N, T} T= f(|N/N. = 1|/T?) with z = 0.38 and
y = 0.32 for the very small region of N = N £ 0.004V.. The conductivity critical exponent
u = x/y =1.2.40.2 found from this analysis is significantly larger than g = 0.5 found from
the analysis we performed previously on the same series of samples covering the much larger
region of the concentration Ne < N < 1.4N.. Determination of the true critical region, either
N = N.+0.4% or N = N, £ 40%, is necessary in the future for the reliable determination of
p in Ge:Ga.
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1 Introduction

" The metal-insulator (MI) transition in the presence of both disorder and electron-
electron interaction turns out to be one of the most challenging subjects in condensed-
matter physics. Despite many decades of theoretical [1-5] and experimental efforts [6],
researchers are yet to agree upon an unified description of the phenomena. (7] The
doping-induced MI transition in single crystalline semiconductors.is the best example
of disorder and interaction induced transition that has been studied extensively via
measurements of physical quantities such as electrical conductivity, dielectric constant,
and heat capacity. In particular the critical behavior of the electrical conductivity at
zero temperature o{0) has been evaluated as a function of a parameter ¢ that describes
the degree of the disorder and interaction;

o (0) o [t/te — 1} (1)

where g is the conductivity critical exponent and ¢ is the critical value of ¢ that
separates the insulating and metallic phases. The MI transition in semiconductors has
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been investigated as a function of the doping concentration (NV), externally applied
magnetic field (B), and externally applied uniaxial stress (S), ie,t = N,B,S, and
t. = N, B., S, respectively, in eq. (1). In this paper we consider the MI transition in
the uncompensated system Ge:Ga when NV is taken as a variable.

Since the classic experiment by Rosenbaum et al. that showed p 22 0.5 for stress(S)-
tuned Si:P (8], a wide variety of experiments has been performed on nominally un-
compensated semiconductors. g & 0.5 has been found for doping(/V)-tuned Si:As 9]
and Ge:Ga [10, 11] while p ~ 0.65 for N-tuned Si:B. [12] p ~ 0.5 is puzzling from a
theoretical point of view since it violates Chayes et al.’s inequality y > 2/3[13] assum-
ing o = v [14] where v is the critical exponent for the localization length . [15] More
recently, Lohneysen and co-workers questioned the use of a relatively wide range of N
and S that can be fitted with g = 0.5 (typically up to ¢ = 1.2¢. or more) and obtained
4 = 1.3 on N-tuned Si:P by limiting the critical region to N. < N < 1.O7N.. [16]
Rosenbaum et al. immediately argued that p 2 1.3 region analyzed in Ref. [16] was
an artifact due to an inhomogeneous dopant distribution {17]. The question raised.
"How wide is the critical region?” has, therefore, become one of the most important
issues along with the homogeneity of the dopant distribution in the samples.

In all of the above mentioned experiments, the zero temperature conductivity o(0)
has been obtained from extrapolation of the finite temperature conductivity o{(T) to
T = 0 assuming a particular temperature dependence of ¢(T'); typically o T2 or
o T/3. In this work finite temperature scaling of the form; [5]

o(t,T) o T f(Jt/tc — 1}/T?) (2)

has been employed for the analysis of the low temperature conductivity. Here y =
1/zv where z is the dynamical scaling exponent. The critical exponent is given by
p=z/y. Eq. (2) has two advantages over the conventional analysis involving eq. (1).
Firstly, eq. (2) allows us to use values of o(t,T) taken at finite temperatures, i.e., the
conventional extrapolation to 7' = 0 can be avoided. Secondly, eq. (2) allows us to
evaluate o(¢,T) taken on the both sides of the transition (¢ < t. and ¢, < t). The
application of eq. (1), on the other hand, has been limited to the analysis of (¢, 1)
on the metallic side only.

Very recently, strong evidence has been presented for stress-tuned Si:P [18] and
Si:B [19] that o(S,T) scales with eq. (2) on both sides of the transition with p =
z/y ~ 1.0 and 1.6 for Si:P and Si:B, respectively. It was demonstrated graphically
that plots of o(S,T)/T% vs. |5/S. ~ 1|/T¥ collapse to form a single scaling curve
on each side of the transition. {19} Unfortunately, an exact form of the mathematical
expression f{|S/S: — 1|/T¥) in eq. (2) was not obtained for Si:P or Si:B, i.e., it was
not clear whether the same f(|S/S. — 1|/T") works on both sides of the. transition.
Nevertheless, the fact is that the values of u = z/y ~ 1.0 and 1.6 for Si:P and Si:B,
respectively, are significantly larger than the typical values of u previously obtained.
by the conventional extrapolation analysis on the metallic samples. only, e.g., = 0.5
for the S-tuned Si:P [§] and u ~ 0.65 for the N-tuned Si:B. [12]

The present work demonstrates finite temperature scaling of the critical conductiv-
ity tuned by impurity concentration (V) in a nominally uncompensated semiconduc-
tor, though the range is limited to N = N, £ 0.004N, The exact form of the function
f(t/tc — 1|/TY) has been obtained in terms of a third-order non-linear equation, and
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it describes very well the critical behavior of ¢(¢,7") on both sides of the MI transi-
tion. The success of this work is due mostly to the high quality of the samples pre-
pared for this study. Qur sample fabrication technique, neutron-transmutation-doping
(NTD) of isotopically enriched 7°Ge single crystals, leads to a completely random im-
purity distribution down to the atomic-level. [10, 11} The situation is very different
in the melt-doped samples that have been employed in most of the previous studies,
8,9, 12, 16, 19, 18] in which the spatial fluctuation of N due to dopant striations and
segregation can easily be on the order of 1% across a typical sample for four-point
conductivity measurements.[20) The present study differs from the previous ones since
it analyzes o(N,T) taken from the |[N/N. — 1| < 1% region using truly homogeneous
Ge:Ga samples.

2 Experimental

~ight NTD. "°Ge:Ga samples employed in this study have Ga concentrations N in
.ne range 0.994N, < N < 1.028N,. Chemically pure, isotopically enriched "°Ge single
crystals of isotopic composition [T°Ge]=96.2 at.% and ["?Ge]=3.8 at.% were grown and
irradiated with thermal neutrons at University of Missouri Research Reactor. Upon
capturing a thermal neutron "*Ge becomes a "' Ga acceptor via electron capture, while
72Ge becomes 7*Ge which is stable. Therefore the crystal is doped exclusively with
Ga with a compensation ratio less than 0.001. The concentration N of Ga after NTD
is proportional to the neutron fluence n with the relation,

N{ecm™3) = 0.1155 x n{cm™?) (3)

for our irradiation condition. The following irradiation sequence was conducted in
order to minimize the absolute error of N in each sample. The eight samples were
doped together in a single irradiation run up to N = 0.994N.. At this point one
sample was taken out of the reactor, then the irradiation continued with the remaining
seven samples. Another sample was taken out after a short duration of the neutron
"-radiation corresponding to N = 0.001N,, then the irradiation continued with the
remaining six samples. This cycle was repeated until the last sample was irradiated
up to N = 1.028N,. The relative error in N between samples near N, is estimated
to be less than 0.005%. All the samples were annealed at 650°C for 10 sec in order
to remove the structural defects that may have been introduced by the unavoidable
Qux of fast neutrons. The electrical conductivity measurements were performed in the
temperature range 20mK to 1K using a dilution refrigerator.

3 Results and Discussions

Fig. 1 shows the temperature dependence of the electrical conductivity o(N,T) of
‘the eight samples in the temperature range T = 0.02 — 1 K. The horizontal axis is
proportional to T1/3 since this dependence of o(IN,T) was firmly established for the
same series of the Ge:Ga system when |N/N, — 1| < 0.2%.[11] The possible origin of
the T1/3 dependence near the transition has been proposed by several theories.{21,
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Fig. 1 Electrical conductivity vs. TY3 for the eight samples used in this study. From
bottom to top in units of 107cm~2, the concentrations N are 1.848, 1.850, 1.853, 1.856,
1.858, 1.861, 1.863, and 1.912, respectively.

15] ¢(N,T) T3 at N ~ N, immediately implies  ~ 1/3 in eq. (2) since the
contribution to the temperature dependence from f(|N/N.—1|/T¥) becomes negligibly
small for the region N ~ N.. It was also shown for the same series of metallic Ge:Ga
samples having a wide range of the concentration N, < N < 1.4N, that 4 = 0.5 when
the conventional zero temperature analysis was performed with N, = 1.860x 107¢m ™3,
(10, 11] Thus z = 1/3and y = z/p = 2/3 in eq. (2) are expected. Fig. 2 {a) shows
the finite temperature scaling plot of o(N,T) vsing eq. (2) with x = 1/3, y = 2/3,
and N, = 1.860 x 10"7cm 2 as used above. {10, 11] o(N, T) taken between T' = 20 and
750mK was used for the analysis in Fig. 2. Fairly good scaling was obtained on the
metallic side as expected, while scaling on the insulating side is clearly unsatisfactory.
In order to find a better set of z, ¥, and N., a numerical fitting has been performed
using the following non-linear equation,;

o(t,T) =T= [ao + al-N/I;%:i +ay (-N/N" _—1)2 + a3 (WY} o (4)

T Ty

Fig. 2(b) shows the result of the fitting analysis when the critical region was limited to
N = N, +0.004N,, i.e., only the data from three insulating and two metallic samples
closest to the transition are fitted. Unfortunately, we could not achieve any reasonable
fit when data from all the eight sampies were ‘ncluded. The solid curve in Fig.2(b)
is the fit with z = 0.38, y = 0.32, N, = 1.8590 x 1087cm™3, ag = 5.75, a1 = 580,
ay = 1.97 x 10%, and a3 = 3.15 % 108 in eq. (4). A similar fit with a fourth-order




K. M. Itoh et al., Scaling analysis of the low temperature conductivity in Ge:Ga 635

=
Q,

g LA ! LA L] | 1 LML | T LA L L
v 10" 3
M, : g
g 10 E
L . 3
" N
= 107t - 2 >
- E (a) % :
Ei 10'2 ) L gl sl L b gl T |
o 104 1073 1072 107t 10°
HM 101 o .
= [ ]
5 ]
. ]
0 1074 107 1072 107t

IN/Ig_ll/T 0.32 (K -0'32)

Fig. 2 Finite temperature scaling analysis of o(N,T) using eq. (2) with ¢ = 1/3, y = 2/3,
and N, = 1.860 x 10"7cm ™3, and (b) z = 0.38, y = 0.32, and Nc = 1.8590 x 107cm ™. The
solid curve in (b) is the best fit to the data. The symbol for each sample is same as the one

in Fig.1.
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equation lead to practically the same set of parameters with the absolute value of the
fourth-order term being much smaller that that of the lower-order terms, i.e., eq. (4)
of the third-order is sufficient for a good fit. The major consequence of this analysis
is g = x/y = 1.2+ 0.2 which satisfies the Chayes et al’s inequality u = v > 2/3.(13]
Although the range of N we chose for scaling may appear to be too small, we emphasize
again that the range is the only part which can be scaled with eq. (2} and that the
five samples included are the only ones having o(N,T) o T3/3 with approximately
the same slope do /dT''/? (see Fig.1). The recent finite temperature scaling of S-tuned
Si:P also showed u = 1 only when the data with o(N,T) < T3 are included in the
analysis. [18] Assuming Wegner’s scaling law g = v for d = 3 (14], we find 2 = 3.2 from
the relation y = 1/zv. This value is consistent with z &~ 3.2 found from the relation
z = 0.38 = (z — 2)/z expected for d = 3 when the analytic-term associated with the
density of the states is considered. (5] Interestingly, very similar values z =~ 1/3 and
¢ 2 1 have been reported in the recent S-tuning experiment of Si:P. {18] It was also
demonstrated clearly in Ref. [18] that the temperature dependence of the conductivity
changes significantly between V- and S-tuning of the identical system Si:P. The finite
temperature scaling of N-tuned semiconductors, including Si:P, across N, has never
been reported before possibly because of an.inherently small critical region that cannot
be studied with the standard doping technique. The experimental study of such a
small N region is made possible only by our sample fabrication technique, neutron-
transmutation-doping of isotopically enriched semiconductors.

Since we have found two different values of u, 0.5 and 1.2, depending on the
range of the concentration that we analize, further studies which allow for the reliable
determination of the width of the critical region are clearly necessary. Recently o(N,T)
of Ge:As has been reported to maintain the same do /dT'/® at low temperatures up
to N = 1.153N,. [22] The true test for our approach will be to prepare Ge:As by
neutron-transmutation-doping of isotopically enriched 74(3e in order to see if the finite
temperature scaling works up to such a large N. If it does, the critical regime may
be defined by the samples having a similar do /dTe around N, as was proposed by a
number of groups. {5, 16]

4 Summary

We have demonstrated finite temperature scaling of the critical conductivity across the
MI transition in doping tuned, nominally uncompensated Ge:Ga. The conductivity
critical exponent of p = 1.2 £ 0.2 has been obtained for the very small region of
N = N.+0.004N,. The values of u ~ 1 and z = 3 are consistent with Wegner’s scaling
law. [14] The exact size of the critical region in terms of doping concentration N should
be determined in the future using a variety of homogeneously doped semiconductors.
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